In view of green developments in water treatment, plant-based flocculants have become the focus due to their safety, degradation and renewable properties. In addition, cost and energy-saving processes are preferable. In this study, malva nut gum (MNG), a new plant-based flocculant, and its composite with Fe in water treatment using single mode mixing are demonstrated. The result presents a simplified extraction of the MNG process. MNG has a high molecular weight of 2.3 × 10 5 kDa and a high negative charge of À58.7 mV. From the results, it is a strong anionic flocculant.
INTRODUCTION
Water and toxic generation and dispersion are examples of major challenges in the sustainability of our planet, where 30% of the world's population will face a water shortage by 2050 and the generation and release of toxic substances into air, water and soil are current global issues. Furthermore, people have a high expectation of a good water quality supply (Hurst et al. ) . Silt, surface runoff, waste discharge, erosion from river banks, excessive algal growth and stir-up from bottom sediments cause turbidity in water (EPA ). Turbidity in water provides food and shelter for pathogens that could cause water-borne disease outbreaks and decrease the concentration of dissolved oxygen in water. Moreover, the solids in water may cause problems during the water treatment process (Bratby ; Metcalf et al. ) . Therefore, in water treatment, it is a challenge to treat turbid water. Furthermore, the trend is moving forward to conserve energy in water and wastewater treatment plants. Therefore, there is a need to look into energy-saving processes. In a treatment plant, the coagulation-flocculation process is a common and essential treatment process for solid-liquid separation (Ching et al. ) . Flocculation of raw water is essential to affirm good water quality goals (Hurst et al. ) . However, high turbidity water cannot be treated solely by the addition of coagulants such as alum, ferric sulphate or lime. Often, a coagulant aid or flocculant is added into water treatment.
A renewable material like natural polysaccharide as a flocculant would be a vital and viable alternative in water and wastewater treatment. Moreover, research into renewable resources has increased greatly over the past 10 years (Kerton et al. ) . Undoubtedly, plant-based polymers exhibit the capability to treat industrial wastewater (Carpinteyro-Urban et al. ) . In this study, a new plantbased natural polysaccharide flocculant is extracted as a green material which possesses sustainable properties like abundance, cost efficiency and sustainability. It is extracted from the malva nut and referred to as malva nut gum (MNG).
Use of a natural resource
MNG is extracted from the malva nut, the seed of the Scaphium scaphigerum tree. One malva nut tree has the potential to yield up to 40 kg of fruit annually. It produces small glabrous brown-skinned fruit during the dry season from early March to late April (Baird & Dearden ) . MNG contains a high molecular weight uronic acid. From Fourier transform infrared results, MNG consists of carboxyl (COO À ) and esterified (COO-R) carboxyl groups. Furthermore, alkaline-extracted MNG has a similar monosaccharide composition to arabic gum and flaxseed gum, which are both plant-based flocculants (Somboonpanyakul et al. ) . In addition, it is a plant native to Malaysia, and it is preferable that naturally renewable flocculants are locally grown, as they will be more economical (Kawamura ) . In contrast to natural flocculants, the price of polyacrylamide (PAM), which is commonly used in water and wastewater treatment plants, is expected to increase over time due to the depletion in natural gas supplies (Piazza et al. ) .
Therefore, renewable materials need to be discovered in order to contribute to scientific knowledge and also their behaviour in water treatment. The significance in this study is the capability of a new plant-based flocculant in treating water and the physico-chemical properties which lead to water treatment plant design. The objectives in this study include: (1) to prepare MNG, (2) to characterize MNG, and (3) to determine the physicochemical parameters in their contribution to water treatment.
METHODS

Preparation of MNG
There are a few methods for MNG extraction and there are pros and cons for the different methods. Wu et al. () Therefore, in this study, a green production of MNG was slightly modified from the alkaline extraction of The method and operating conditions are given in Table 1 .
Surface charges determination
MNG was prepared using sodium chloride at 0.1 mM with a sample concentration of 1 mg/mL. The sample was placed in a disposable folded capillary cell and analysed at 25 W C using Malvern Zetasizer (Nano Z) with a measurement angle of 173 W . Three runs were performed as replication and there was a minimum of 10 runs in each replication.
Surface morphology examination
Surface morphology was examined using field emission scanning electron microscope, Leo Supra 50VP. Samples were prepared in solid form and underwent coating under vacuum conditions with a thin layer of gold (around 20 nm) in a Sputter Coater Polar SC515 FISONS.
Assay of turbidity reduction
Flocculator (Velp Scientifica type FC6S) was used to study the turbidity in water treatment. Synthetic turbid water was prepared with 0.3 g kaolin clay with 1 L distilled water with initial turbidity at around 400 nephelometric turbidity units (NTU). Fe 3þ from FeCl 3 was chosen as a coagulant and from here onwards it is noted as Fe. It was chosen as it performs in a wide range of pHs. Furthermore, as the costs involved in water treatment plants should be kept to a minimum, a one-stage flocculation process is aimed at achieving maximum treatment yield. In this study, a single mixing mode was applied and was known as the coag-flocculation process. Moreover, the physical parameters, such as mixing speed, mixing time and sedimentation time, were investigated.
where A o was the control sample before treatment (NTU) and
A was the sample after treatment (NTU).
Design of experiment
The design of the experiment lies within the boundaries as depicted in Table 2 . The pH, concentration of cation and concentration of MNG were indicated at low and high limits.
A screening process is crucial as it exhibits the significant factors for the experimental work. The screening of the factors was carried out by using fractional factorial 
RESULTS AND DISCUSSION
Effects of molecular weight
Typically, the molecular weight of biopolymers is higher than 10 2 kDa (Yuan et al. ) . In this study, MNG molecular weight exhibited from GPC analysis was 2.3 × 10 5 kDa. It was much higher than other natural flocculants such as xanthan gum (4 to 
Effect of polymer charge
Another aspect to examine when determining the strength of a polymer is its charge. Figure 3 shows zeta potential distribution for MNG. The results were analysed using Zetasizer software that applied Smoluchowski's equation.
It showed that the charge density of MNG was À58.7 mV and it performed as an anionic polymer or anionic polyelectrolyte flocculant. The small peak near À90 mV is a noise peak. As noted in the section validation analysis on optimized treatment setting, a highly negatively charged polymer like MNG is only required in low concentration in the treatment system. In short, they were inversely pro- find the best operating condition for the flocculation process. Table 3 shows the FCCD with natural variables for turbidity reduction when using an Fe-MNG composite.
Design of experiment
There are 20 runs including six centre points used to evaluate the effects of pH, concentration of cation and concentration of MNG towards turbidity reduction.
The optimization process helps in finding the maximum turbidity reduction in this study. (2), x 1 was shown to have the highest influence on turbidity reduction. Figure 6 shows the behaviour of two factors interacting with each other.
Turbidity reduction ¼ 34:26 À 31:95x 1 À 6:13x 2 þ 11:91x 3 þ 21:65x 2 1 À 20:52x 2 2 þ 21:35x 2 3 À 5:22x 1 x 2 þ 5:50x 1 x 3 À 6:40x 2 x 3 (2) where x 1 is pH, x 2 is concentration of Fe and x 3 is concentration of MNG.
The optimization analysis showed that the optimum setting was found to be at pH 3.01, and 0.08 mM and 0.06 mg/L for concentration of Fe and concentration of MNG, respectively. In line with the result of high molecular weight and negative charge in MNG, it was shown to be a strong anionic polymer flocculant, and when a low concentration was added to the process, it achieved high flocculating performance (97% turbidity reduction). This shows that MNG works well in single mixing mode where it requires minimum mixing speed. Furthermore, it requires short collision time for one particle to attach to another and settles fast. This may be due to the strong affinity possessed by MNG to attract particles with greater separation distances in solution and to conform to the surface of the particles in the split second it touches their surface, and subsequently it forms flocs quickly, which are dense enough to settle as soon as they aggregate.
However, the characterization and optimization results showed that these factors are influencing the flocculation process. Therefore, these factors are interrelated where MNG has many repeating units consisting of negatively charged functional groups and has a branch structure that easily stretches out and is adsorbed on the surface of particles during the bridging process. Owing to these facts, the flocculation process is easily achieved by single mode mixing with low concentration of MNG added to the system. and hydroxyl (OH À ) ions (Stechemesser & Dobias ) .
Effect of pH and concentration of Fe
Effect of pH and concentration of MNG
Optimum concentrations of polymer and H þ are preferred for coagulation and flocculation processes. A lower concentration of polymer is insufficient to bridge particles (Krishnamoorthi et al. ) . In this study, the optimum pH was pH 3. The higher concentration of H þ in water enhances the bridging mechanism to form hydrogen bonding and During the coagulation-flocculation process, Fe and MNG are added in different steps. Therefore, the primary mechanism of MNG might be a bridging mechanism. The concentration of Fe added may be insufficient during coagulation. Thus, a higher concentration of MNG is required to achieve the charge patch neutralization and bridging mechanism during the flocculation process. However, if the Fe added is excessive, it will cause a reverse effect or prefer charge patch neutralization as there is attraction of opposite charges.
On the other hand, in the coagulation-flocculation process, Fe and MNG are added together. Therefore, the dominant role of MNG could be determined. The neutralization mechanism was shown to be dominated by Fe where it required a higher concentration to destabilize the opposite charge edge of the surface of particles.
Since Fe plays an important role in the neutralization mechanism, the role of MNG in charge patch neutralization may only make a small contribution. Therefore, it was dominated by the bridging mechanism. MNG extended the tails and loops to bridge the neutralized particles and microflocs. Subsequently, when the flocs were denser, it settled. Conclusively, when the Fe-MNG composite is added, (1) Fe destabilizes the surface of particles and possibly forms microflocs and (2) MNG bridges the particles and microflocs.
Validation analysis
As a validation to the optimized treatment condition using kaolin suspension (synthetic turbid water), the treatment setting was applied to surface water as well in order to evaluate the feasibility of using MNG in water treatment. Therefore, a validation analysis was carried out (Table 5 ) on the river water. It is observed that the treatment settings fit well in river water treatment, in addition to kaolin suspension. 
CONCLUSION
In summary, a new renewable material for water treatment was presented. Some intriguing features make MNG a green material, as follows: (1) 
